The occurrence of systematic interocular differences in the time of initiation of saccades in various directions was investigated in normal human subjects (n= 4). Saccades were recorded binocularly with scleral sensor coils on each of the eyes with a temporal resolution of 0.1 ms (sampling frequency 10 000 Hz). Analysis was done in the velocity domain after digital differentiation. It was found that, in the initial phase of horizontal saccades, the nasalward moving eye lagged the temporalward moving eye consistently by slightly less than 1 ms. No such difference was found in vertical (upward or downward) saccades. In oblique saccades, the systematic initial lag of the nasalward moving eye was similarly present in the horizontal component of the saccade, but absent in the vertical component. It is postulated that this interocular timing difference in horizontal saccades is due to the additional synaptic delay caused by the abducens internuclear neuron in the pathway to the medial rectus muscle of the eye.
Introduction
In a recent investigation of the early components of the human vestibulo-ocular response (VOR) to a step in rotatory head acceleration (Collewijn & Smeets, 2000) , a statistically significant timing difference between the initiation of the responses of the two eyes emerged, as a serendipitous finding, in the pooled results of a number of subjects and sessions. On average, the latency of the VOR of the eye contralateral to the direction of head movement was 1.3 ms shorter than that of the ipsilateral eye.
A systematic timing difference for the horizontal VOR of the two eyes in this direction and of this magnitude is in agreement with the classical description of a disynaptic pathway (vestibular afferent -medial vestibular nucleus neuron -contralateral abducens motoneuron) for the abducting eye and a trisynaptic pathway (vestibular afferent -medial vestibular nucleus neuron -internuclear neuron in the contralateral abducens nucleus -ipsilateral medial rectus motoneuron) for the adducting eye (for a review of these connections see e.g. Leigh & Zee, 1999) . This was indeed our interpretation of the statistical interocular timing difference in our recordings of the horizontal rotatory VOR. The robustness of this phenomenon remained, however, somewhat uncertain, despite its unquestionable statistical significance, because it could not be consistently demonstrated in individual sessions. One of the reasons for individual scatter could be the occurrence of the early anti-compensatory eye movements that accompany head rotations as a mechanical response without latency (Collewijn & Smeets, 2000) . These mechanical components obfuscate the precise estimate of VOR latency. Moreover, our sampling frequency for the VOR recordings was 1010 Hz, just on the borderline of the unambiguous recording of timing differences on the order of 1 ms.
A more direct way to unambiguously demonstrate the interocular motor timing difference due to the abducens internuclear neuron should be the recording of horizontal saccades in the absence of head movements. The final motor pathways, including the differences in the innervation of the medial and lateral rectus motoneurons, are identical for saccades and the VOR (see Leigh & Zee, 1999) , and in the absence of mechanical disturbances related to head movements the lag of the nasalward moving eye relative to the temporalward moving eye should be clear and consistent, once it is adequately looked for. On the other hand, such systematic timing differences should be absent in vertical saccades, for which the low-level motor circuits are symmetrical for the two eyes.
A few earlier studies have inconclusively addressed interocular timing differences of human saccades. In recent years, Flipse, Straathof, Van der Steen, Van Leeuwen, Van Doorn, Van der Meché, and Collewijn (Flipse et al., 1997 ) looked for such timing differences in a study of changes in saccades due to multiple sclerosis. They did find a lag of the first acceleration peak of the adducting vs. the abducting eye in horizontal saccades of normal control subjects of 0.59 1.5 ms. Although this difference was in the neurophysiologically expected direction, Flipse et al. preferred not to attach much significance to this result, because few saccades were recorded, sampling frequency was only 500 Hz and timing differences of similar magnitude were found for vertical saccades. Smith, Schmidt, and Putz (1970) addressed temporal binocular coordination in a much earlier study, using a limbus reflection method to record binocular eye movements and a sampling frequency of 1000 Hz. They reported interocular time differences of 0-6 ms with the left eye generally lagging the right eye for a rightward movement, and vice versa. Although these time differences are in the direction compatible with the circuit described above, they provide no direct evidence for it, because they refer to the timing of saccadic peak velocities, not to the timing of saccade initiation. Timing differences in saccadic peak velocities (with the abducting eye leading) have later been shown to be part of the character-istic nasal-temporal asymmetry of horizontal saccades (Collewijn, Erkelens, & Steinman, 1988a , 1995 . In this asymmetry, the abducting eye accelerates faster, and reaches a peak velocity that is higher and occurs earlier than the fellow, adducting eye, with transient intrasaccadic divergence as the result. These asymmetries are prominent in recordings sampled at about 500 Hz, yet such recordings never show any interocular difference in the starting time of the saccades. On the contrary, the asymmetries in the velocity profiles develop only gradually after the start of the saccade, and have been attributed to differences in the mechanical properties of the medial and lateral rectus muscles (e.g. Zee, Fitzgibbon, & Optican, 1992) .
The existence of a genuine interocular difference in the starting time of horizontal saccades, related to the basic difference in the pathways to the lateral and medial rectus muscles, has not been adequately investigated until now. The present paper addresses this question by the binocular recording of saccades in various directions with a high temporal resolution. It will be shown that the timing of the start of horizontal (components of) saccades does indeed reflect the nasal-temporal asymmetries inherent in the neurophysiological circuit.
Methods

Subjects
Four human subjects (male, aged 23-49 year) without known ocular or neurological abnormalities who tolerated binocular coils well were investigated after informed consent, following procedures approved by the local ethics committee. Each of them participated in two sessions that lasted about 30 min. No significant discomfort occurred during or after the sessions. Three subjects were emmetropes; in the fourth subject uncorrected visual acuity was adequate for the task performed. 
Oculomotor task
Red LED's were used as visual targets. They were arranged in a horizontal and vertical matrix with separation distances of 6.7°. In each measurement, a selected pair of LEDs was continuously lit while the surroundings were dimly illuminated to provide natural viewing conditions and to avoid prominent after-images. The horizontal or vertical distance between the two visible LEDs was always two basic distances, i.e. 13.4°. Horizontal and vertical target configurations were either symmetrical around the center position, or used the central LED and the LED 13.4°left, right, up or down. In oblique configurations (following the 45°o r 135°diagonal) targets were 6.7°up and left combined with 6.7°down and right (or vice versa), such that the required horizontal and vertical saccadic components remained 13.4°. A measurement lasted 5 min, during which the subjects were asked to alternate their gaze spontaneously in a single step between the two LEDs at a pace of about 1 saccade per second. Eye movements were monitored on line and, if necessary, feedback was provided to the subject to maintain the correct pace and magnitude. In this manner, about 150 saccades in each direction were collected in one measurement.
Recording and analysis
Horizontal and vertical movements of both eyes were recorded with the scleral coil technique (Robinson, 1963) . Coils embedded in a silicone annulus (Skalar, Delft, The Netherlands) were inserted in each eye (Collewijn, Van der Mark, & Jansen, 1975) . A Remmel EM-3 eye-movement recorder (Remmel Labs, Ashland, MA) was used. Coils were pre-calibrated with a protractor. The noise level corresponded to B 1 min arc at a recording range of 20°in all directions from the center. The four position signals (two horizontal and two vertical) were each sampled at a frequency of 10 000 Hz and with 12 bits precision (resolution 0.01°) with a CED 1401-plus AD-converter using the CED Spike2 program (Cambridge Electronic Design Ltd., Cambridge, UK) and stored on disk.
In the subsequent off-line analysis, position signals were converted to velocity signals by digital differentiation. After considerable experimentation, a 61-point differentiation filter was chosen that provided a bandwidth of 100 Hz, zero phase shift and a velocity noise-level of about 93°/s. Peak levels and shapes of the obtained saccadic velocity profiles were identical to those obtained with filters using fewer sampling points, that had a higher bandwidth but a higher noise level. Bahill, Kallman, and Lieberman (1982) determined that power of the velocity spectra of saccades with sizes between 0.5 and 20°was always attenuated by 40 dB before 74 Hz (i.e. power above 74 Hz was less than 1% of that below 74 Hz). Thus, a bandwidth of 100 Hz seems fully adequate for preserving the shape of saccadic velocity profiles. This requirement in the frequency domain should be distinguished from the requirements in the time domain for the problem studied here. To reliably record timing differences on the order of 1 ms between two similarly filtered signals (that have no energy above 100 Hz) it is still necessary to use a sampling frequency that offers the adequate resolution for such a difference. The choice of 10 000 Hz followed from the general rule that the resolution of a measurement should preferably be an order of magnitude better than the expected effect.
The low velocity noise level contributed greatly to the reliable determination of the timing of the saccades. Even so, measurement of the exact starting moment of a saccade was unpractical, because velocity rises gradually and determination of the moment at which it begins to deviate from the basic noise level (ocular and instrumental) can only be very imprecise. (The use of acceleration signals does not solve this, as it runs into the same problem). On the other hand, the start of a saccade should be recognized as early as possible, in order to avoid confusing effects of interocular differences in the later parts of the saccadic velocity profiles. As will be demonstrated in the Results, the use of a velocity criterion of 9 20°/s was appropriate to mark the timing of all saccades. Marks that signaled the rise or fall through this level were generated with the Spike2 program for all horizontal and vertical velocity signals separately, after which all saccades and marks were visually inspected. Only the marks that corresponded to adequate, primary saccades of both eyes between the presented targets were retained. Subsequently, two types of analysis were performed. Average velocity profiles of the two eyes were generated for each measurement (\ 100 saccades), aligning the saccades of both eyes by the 9 20°/s marks of one of the eyes (the abducting eye for horizontal saccades; the right eye for vertical saccades). Furthermore, histograms of the distribution of the difference in timing between the paired 9 20°/s marks of the two eyes were made for each measurement, and their means and standard deviations were calculated.
To corroborate the validity of the 20°/s criterion as a reference for the timing of the saccades of the two eyes, a more elaborate method was also tested. This involved the subtraction of the velocity signals of the two eyes over a range of 10 ms (101 samples) around the starting moment, for a range of time-shifts (t 1 , varied over 9 2 ms) between the signals. This resulted in an array of 41 values of the difference (D), as a function of the magnitude of t 1 . The underlying idea is, that D should reach a minimum (ideally zero) for a value of t 1 that would just offset a pure latency between the velocities of the two eyes. 
Results
General effect and signal properties
Typical average velocity and acceleration profiles of the two eyes during pure horizontal saccades of about 13°, made symmetrically about the central (straightahead) position, are shown in Fig. 1A (the whole saccade) and B (the initial segment).
The graphs show the average of 133 rightward saccades, collected in one measurement in one subject (GE). Time zero indicates the moment at which the 20°/s criterion was reached by the abducting eye; this moment was used to align the movements of both eyes in the averaging routine. As expected, Fig. 1A shows the well-known, characteristic abduction-adduction asymmetry for horizontal saccades. The peak velocity of the abducting eye was higher, and was reached earlier than that of the adducting eye. The time difference between the peak velocities was on the order of 5 ms. Its origin emerges from the acceleration profiles that are also shown in Fig. 1A , B. The first, positive acceleration of the abducting eye reached a higher peak value and lasted shorter than that of the adducting eye. But, in addition, the present records show a, hitherto unknown, interocular timing difference on the order of 1 ms, with the abducting eye leading the adducting eye. This lag was virtually constant in the rising phase of acceleration (the acceleration graphs of the two eyes are parallel), which suggests a pure delay between the activation and force build-up of the medial and lateral rectus muscles. The moment at which the velocity of the abducting eye rises through 20°/s, used as the criterion for the start of the saccade (time zero in the diagram), appears to be located comfortably within the window of the parallel acceleration of the two eyes. Out of the four subjects, three (GE, MF and EN) behaved as shown in Fig. 1 , while the 4th subject (ST) showed an overall lower slope of the acceleration of the adducting eye compared to the abducting eye. Therefore, the calculations of the relative timing of the beginning of the saccades of the two eyes, based on the 20°/s velocity criterion, should be correct, robust and insensitive to the minor variations in shape that develop later in the saccades, except that in subject ST the timing differences may be slightly over-estimated. Theoretically, timing differences could be deduced more directly from acceleration signals, but the high noise level of such signals, resulting from their calculation by a second differentiation, makes their use inconvenient at the level of individual saccades.
As differentiation is a linear transformation of the position signals that were actually recorded in the experiments, the same time lag should be evident in the original position signals, when these are suitably aligned. Fig. 1C shows that this is indeed the case, when positions are plotted along with the velocities. The temporal alignment in Fig. 1C was still derived from the 20°/s velocity criterion for the abducting eye, and position signals have been vertically shifted to achieve pre-saccadic levels of zero. Obviously, pre-saccadic positions are generally not zero, different in the two eyes, and somewhat variable between saccades. The essence of a saccade is a quick change in position, which by definition emerges from differentiation of the position signal, a process that also eliminates the irrelevant differences in pre-saccadic positions.
A next question is, whether this average result can be recognized at the level of single, individual saccades without averaging, and how the noise component affects the reliability of the estimates of timing. For a meaningful analysis of the distribution of interocular timing differences, it is obviously very desirable that the noise level is low compared to the phenomenon of interest, such that the physiologically determined timing differences are not overwhelmed by noise in the records of individual saccades. The representative example of the initial part a single, rightward saccade, shown in Fig. 2 , demonstrates that this condition is fulfilled. The non-averaged velocity signals look remarkably clean.
The noise level in the period preceding the saccade was about 93°/s. At the moment that the criterion value for the start of the saccade (20°/s) was reached, eye acceleration was on the order of 10 000°/s 2 (see Fig. 1 ), thus, velocity increased by about 1°/s per 0.1 ms (i.e. between two successive samples). A velocity noise level of 9 3°/s would, thus, correspond to a temporal noise level of 90.3 ms (93 samples). This 'noise area' is indicated by the hatched rectangle in Fig. 2 . Its width is substantially narrower than the mean interocular timing difference for horizontal saccades, which amounts to about 1 ms in the averaged graph of Fig. 1 , as well as in the individual saccade in Fig. 2 . Therefore, analysis of the distributions of timing intervals at the level of individual saccades seems meaningful. At the same time, a minimum temporal noise on the order of 0.3 ms should be anticipated for such distributions. Fig. 3 shows average binocular velocity profiles of saccades in all the four cardinal directions, symmetrically about the straight-ahead position, for the same subject (GE) shown in Figs. 1 and 2. For leftward saccades (Fig. 3B) , the velocity profiles are symmetrically reversed compared to rightward saccades (Fig.  3A) , with the left (abducting) eye leading the right eye. Again, this lead is manifest from the beginning of the saccade. In contrast to this consistent timing difference in horizontal saccades, upward and downward saccades (Fig. 3 C, D) show almost perfectly identical velocity profiles for the two eyes, with a virtually complete overlap on both the time and amplitude axis.
Velocity profiles of horizontal and 6ertical saccades
These differences are shown in more detail in Fig. 4 (same data as in Fig. 3) for the time window 9 5 ms around the criterion level. For horizontal saccades (Fig.  4A, B) , the velocity profile of the adducting eye lags that of the abducting eye consistently by about 1 ms, whereas for vertical saccades (Fig. 4C, D ) the velocity profiles of the two eyes still virtually overlap at this higher level of resolution. Analogous results were found in all four subjects.
To demonstrate that the difference between the velocity signals of the two eyes in the beginning of the saccade consists indeed of a virtually pure time-shift, the trace of the left eye in Fig. 4A was re-plotted with a backward shift of 0.9 ms (Fig. 4A, hatched trace superimposed upon the right eye trace). The overlap between the right eye and shifted left eye signals was virtually complete.
Velocity profiles of oblique saccades
It was of great interest to know whether the lag of the adducting eye in purely horizontal saccades and the synchronicity of purely vertical saccades are transferred to the horizontal and vertical components of oblique saccades. Fig. 5 (subject GE) shows that this is indeed the case. For saccades along the left-up right-down diagonal, the horizontal velocity components still showed the abducting eye leading by about 1 ms, whereas the vertical velocity components maintained their synchronicity. This result was consistently obtained for both directions along both the 45 and 135°diagonals and for all four subjects. Thus, the delay of the adducting eye relative to the abducting eye appears to be a general characteristic off all horizontal components of saccades in any direction.
Distribution of interocular delays
As described above, averaged plots (representing \ 100 saccades) showed a consistent lag of the adducting eye in for horizontal saccadic components, whereas vertical components were consistently synchronous in the two eyes. This was true for every subject and every measurement. To carry the analysis one step further, the distribution of interocular timing differences for individual saccades was analyzed. Fig. 6 shows the distribution of timing differences for purely horizontal or vertical saccades, made symmetrically about the mid-position by one subject (GE). As the distributions were approximately Gaussian, they could be characterized by their means and standard deviations (SD). For horizontal saccades, the time differences were calculated as the criterion (20°/s) time of the adducting eye minus that of the abducting eye. A positive value indicates a lead of the abducting eye. For vertical saccades, criterion time of the left eye minus that of the right eye was (arbitrarily) chosen; positive values correspond to a lead of the right eye. The distributions of the interocular timing interval for horizontal saccades show a consistent lead of the abducting eye, with means of 0.9 ms 9 0.2 (SD) for rightward saccades (Fig. 6A ) and 0.58 ms 9 0.19 (SD) for leftward saccades (Fig. 6B ) in this subject. Negative values did not occur, and the SD's are on the order of the noise-determined minimum predicted in Section 3.1. For upward saccades (Fig. 6C) , the mean time difference was 0.03 ms 9 0.24 (SD), i.e. essentially zero. For downward saccades (Fig. 6D) , the distribution was less narrow than in the other directions; its mean value was (for this subject) 0.27 ms 9 0.42 (SD). This tendency for downward saccades to have a wider distribution of interocular timing intervals may be related to their consistently lower initial acceleration (compare Fig. 3D to A-C), which may increase the effect of velocity noise upon the precision of the estimates of their timing. The distributions for the other three subjects were essentially similar to those shown in Fig. 6 .
The values as shown in Fig. 6 were obtained with the 20°/s time reference. To corroborate these results by a more elaborate technique that uses more data points, subtraction of the two ocular velocity signals with a variable time-shift of one of the signals was applied. Sums (D) of differences between the successive 101 velocity samples of the two eyes over the period of −5 to + 5 ms (relative to the time at which 20°/s was reached) were calculated:
in which t 1 was varied between − 2 and +2 ms, yielding 41 values of D. The value of t 1 corresponding to the minimium value of D should be the closest approximation of the interocular delay, with a precision of 0.1 ms.
Results of this time-shifting procedure are shown in Fig. 7. Fig. 7A shows an evaluation of the method. In this case, two identical saccadic velocity signals (the right-eye signal in Fig. 4A ) were compared after shifting one copy by 1 ms, to see the result for a simulated pure delay. Fig. 7A shows the 41 values of the sum of differences (D) as a function of t 1 . As expected, the absolute value of (D) reached a minimum of zero for t 1 = 1.0 ms. It should also be noticed that the function of D vs. t 1 is not linear, even for this pure time-shift. Thus, the estimation of the delay can not be improved by linear regression and the minimum of D as such will be used to mark the best-fitting delay. Fig. 7B shows the results for calculations on real binocular velocity signals for saccadic sets in each of the four cardinal directions. All four graphs show (absolute) minima very close to zero. For the horizontal saccades, the corresponding t 1 was nearly 1 ms (with the abducting eye leading), whereas for vertical saccades the minimum value of D occurred for t 1 =0. The time-shifting procedure was performed for a number of sets of saccades taken from all subjects and in all cardinal directions. In Fig. 5C , the delays estimated with this time-shifting procedure are plotted as a function of the corresponding delays estimated (for the same sets) with the, much simpler, 20°/s criterion. Fig. 5C demonstrates that both methods yielded virtually identical results and were, thus, equivalent. A linear regression had a slope of 0.96 (95% confidence levels 0.86 and 1.06) and an intercept of −0.01 (95% confidence levels −0.1 and 0.07); r 2 equaled 0.97. It seems safe to conclude that the results obtained with the 20°/s criterion are reliable, and that a considerably more elaborate method offers no improvement.
The overall results for horizontal and vertical saccades for the four subjects are summarized in Fig. 8  (left 3 bars) . Horizontal saccades in either direction have been pooled (start time adducting eye minus start time abducting eye). Upward and downward saccades have been treated each separately in view of their different dynamics. For horizontal saccades (made symmetrically about the mid-position), the mean time-lead of the abducting eye equals 0.87 ms (n =16; four subjects, two directions, two measurements). The mean width of the 16 used distributions was 0.21 ms (mean of SD's). The variability among these distributions is indicated by the SD of the mean, which equals 0.34 ms. For upward saccades, the mean interocular timing difference was 0.09 ms 9 0.23 (mean SD). For downward saccades, the mean difference was −0.19 ms 90.69 (mean SD).
A similar analysis was performed for the horizontal and vertical components of saccades made along the 45 and 135°meridians. Fig. 9 shows the distributions of the timing differences in analogy to Fig. 6 (same subject).
Comparison of Figs. 6 and 9 shows the absence of any major differences. In oblique saccades, the abducting eye still consistently led the adducting eye in either horizontal direction, whereas timing differences were distributed on either side of zero for the vertical saccades. This unchanged behavior is also shown by the average results of four subjects, shown in Fig. 7 , right three bars; these are essentially identical to the left three bars for purely horizontal or vertical saccades.
Effects of initial eye position
The analyses described in Sections 3.1, 3.2, 3.3 and 3.4 were all based on saccades with their starting and end position distributed symmetrically about the central, straight-ahead position. In addition, centrifugal and centripetal saccades between the center and a location 13°right, left, up or down were analyzed. For vertical saccades, no effect of vertical starting position (in the range 9 13°) was noticed on timing or shape of the velocity profiles. For horizontal saccades, there were some idiosyncratic changes in the velocity profiles as a function of the starting position, but these resulted only in minimal changes in the interocular timing difference. The mean lag of the adducting eye compared to the abducting eye was 0.89 ms for centrifugal saccades, and 0.77 ms for centripetal saccades (four subjects, two measurements, two directions). The small difference was statistically marginally significant (P = 0.048 in a two-tailed, paired t-test) but its direction was not consistent in all subjects. It seems safe to conclude that, within the range investigated, the effect of the initial eye position on the interocular timing differences is negligible in comparison to the main effect of abduction vs. adduction.
Discussion
The present results provide unambiguous evidence that horizontal, but not vertical, saccades show a consistent interocular timing difference. Under all measured conditions, the adducting eye lagged the abducting eye by slightly less than 1 ms, which corresponds to one synaptic delay. This result was obtained with an elaborate time-shifting technique, as well as with a -much simpler -velocity threshold technique, and can thus be considered as very robust. It was evident even in the recordings of single saccades. The most parsimonious neurophysiological explanation for this phenomenon is the presence of one extra neuron, the abducens internuclear neuron, in the pathway to the medial rectus muscle, as described in the Introduction. This result supports the earlier, but less robust result that we obtained for the vestibulo-ocular reflex to head rotation (Collewijn & Smeets, 2000) . The fact that we could document this phenomenon for all horizontal saccadic components in all subjects, even in single saccades without averaging, is in agreement with the basic nature of the pathway for horizontal eye movements (see Leigh & Zee, 1999) , which should be expressed universally. The necessary condition to unambiguously reveal this difference in timing is obviously an adequate level of spatio-temporal resolution. This was clearly met by our sampling rate of 10 000 Hz (each channel) at a precision of 0.01°.
Interestingly, there is a historical precedent for the use of a timing difference between the activation of the extraocular medial and lateral rectus muscles to demonstrate and measure a synaptic delay. Lorente de Nó (1935) used this technique to show the synaptic delay of the medial rectus motoneuron. He applied electrical stimuli to the brain stem of rabbits, at a site where axons of abducens motoneurons and ascending (premotor) fibers to the medial rectus motoneurons were run-ning together. By recording the mechanical and electrical activity of the medial and lateral rectus muscles (of the same eye), Lorente de Nó was able to demonstrate a lag of the medial compared to the lateral rectus muscle activation that ranged from 0.5 to 1.36 ms. Although the present results refer to the abducens internuclear neuron, not to the medial rectus motoneuron, the similarity between the present and the historical estimate of a central synaptic delay in the oculomotor pathway is astonishingly good.
The 1 ms time lag in the initiation of the activity of the medial rectus muscle, compared to the contralateral lateral rectus muscle, should be sharply distinguished from the overall differences in the shape of the saccadic velocity profiles of the two eyes. The synaptic delay by itself can only account for the differences in the very first phase of the saccade, when the accelerations of the two eyes rise in parallel, with a virtually pure time-shift (Fig. 1A, B) . Once the accelerations approach their first maximum, their peak values and further time courses are distinctly non-parallel in the two eyes. As a result, the peak velocities of the two eyes differ not only in magnitude but also in timing, by an interval that is substantially longer (on the order of 5 ms) than a single synaptic delay, with the abducting eye always having the advantage. These asymmetries, which are superimposed upon the difference in starting time, may be caused by differences in either muscular mechanics and/or in the innervation patterns, other than a simple lag.
The explanation of the timing difference in abduction and adduction on the basis of the low-level oculomotor pathways is further corroborated by the absence of any substantial or systematic interocular difference in the timing or dynamics of vertical saccades. This agrees with the right-left symmetry of the vertical oculomotor pathways (see Leigh & Zee, 1999) . There is, however, a marked asymmetry between the shapes of upward and downward saccades, which was already partially described by Collewijn, Erkelens, and Steinman, (1988b) . This asymmetry is not further analyzed here, because it is not related to the basic question of this paper.
In conclusion, the present investigation demonstrated a consistent delay of the adducting eye relative to the abducting eye for the horizontal components of all saccades, whereas the eyes moved synchronously in the vertical direction. The most parsimonious explanation of this phenomenon is the basic adduction-abduction asymmetry inherent to the horizontal oculomotor pathways.
